ABSTRACT
Introduction
In the past decades, β-diketones have attracted a growing interest in the synthesis of biologically active heterocyclic compounds such as diazepines, benzodiazepines, pyrazoles, isoxazoles, imidazoles and benzymidazoles [1, 2] . β-diketones exhibit also a variety of pharmacological activities like antibacterial, antiviral and systematic insecticidal agents and have also shown potential antioxidant and antitumor activities [3] . Likewise, this class of precursor have extensively been used in the synthesis of asymmetric tridentate Schiff base ligands through the imine and amine nitrogen atoms and the carbonyl oxygen, also called -half unit‖ [4] , via mono-condensation with aliphatic and aromatic diamines [4] [5] [6] , as well as for the design of transition metal complexes [7] . In most β-diketones, the substituents on the central carbon are hydrogen atoms or classical organic groups [1, 8] although some examples containing achiral [9] and chiral organometallic substituents are known [10, 11] .
Cerium ammonium nitrate (CAN) has emerged as a versatile reagent in a variety of synthetic transformations where the chemistry of cerium(IV) dominates through the oxidation of organic molecules via radical pathway [12] . This compound is a convenient and excellent reagent for effecting a wide variety of synthetic transformations [13] ; its solubility in organic solvents such as methanol and acetonitrile, its low toxicity, its ease of handling, and its high reactivity have contributed to a general acceptance as a reagent of choice for one-electron oxidations [12] . Today, the application of the radical methodology in organic synthesis has evolved as a prominent tool in this area [14] .
For several years, we have been interested in the synthesis of ferrocenyl-containing diketones as starting materials for the preparation of assymmetric Schiff base complexes [6, 15] . In our previous work, both the metalloligand and its derivatized multinuclear compounds presented the ferrocenyl unit always bounded to the carbonyl atom of the 1,3-dione entity. Thus, in pursuit of our research work aimed at extending the scope of acyclic Schiff base metalloligands, we decided to synthetize new β-diketones functionalized at the central carbon with the chiral 1-ferrocenylethyl moiety [FcCH(CH 3 )] (Fc = ( 5 -C 5 H 5 )Fe( 5 -C 5 H 4 )), using the CAN-mediated C-C bond formation between ferrocenylethanol and the apropriate 1,3-diketones. Herein, we report on the synthesis, the full analytical and spectroscopic characterization, and the crystal and molecular structures of such three chiral organometallic β-diketones.
Experimental

General Experimental Methods
All manipulations were carried out under dinitrogen atmosphere using standard Schlenk techniques. Reagents were purchased from commercial sources and used as received. 
Synthesis of 1-(4-methoxyphenyl)-2-(1-ferrocenylethyl)-butane-1,3-dione (2)
In a 
Synthesis of 1-ferrocenyl-2-(1-ferrocenylethyl)-butane-1,3-dione (3)
Crystal structure determinations
X-ray data for single crystals of complexes 1-3, obtained as described above, were collected at 150(2) K on a Bruker APEXII AXS diffractometer, equipped with a CCD detector, using Mo-K radiation ( = 0.71073 Å). For each compound, a crystal of appropriate size was coated in Paratone-N oil and mounted on a Kaptan loop. The loop was transferred to the diffractometer, centered in the beam, and cooled by a nitrogen flow lowtemperature apparatus that had been previously calibrated by a thermocouple placed at the same position as the crystal. The structures were solved by direct methods using SIR97
program [18] , and then refined with full-matrix least-square methods based on F 2 (SHELXL-97) [19] , with the aid of WINGX program [20] . All non-hydrogen atoms were refined with anisotropic atomic displacement parameters. Hydrogen atoms were finally included in their calculated positions. The disorder observed for the carbon atoms of the two cyclopentadienyl rings in 3 was modelled using two positions per carbon with a fixed 0.5 occupancy for each carbon. A summary of the details about crystal data, collection parameters and refinement are documented in Table 1 , and additional crystallographic details are in the CIF files. ORTEP
and Ball-and-Stick views are generated using OLEX2 [21] . 
Results and Discussion
Synthesis and characterization
The syntheses of the organometallic β-diketones 1-3 have been carried out in acetonitrile, at room temperature for 0.5-48 h, by CAN-mediated oxidative C-C coupling of 1-ferrocenyl ethanol with three different β-dicarbonyls compounds (Scheme 1), using the slightly modified procedure described by Xu et al. [11] . Compounds 1-3 were isolated as microcrystalline yellow (1 and 2) and red (3) solids in relatively good yields ranging from 79% for 1 to 63% for 2 and 44% for 3. This may suggest that the sterics play a significant role in the formation of the products as the yields decrease and the reaction times increase when the steric hindrance of the substituents of the starting diketone reagents increases. The electron donating ability of both 4-methoxyphenyl and ferrocenyl groups are known to be similar [22] . On the other hand, compound 1 was previously prepared in 90% yield by reaction of 1-ferrocenyl ethanol with 2,4-pentanedione, in water at 80 °C for 24 h [10] .
Analytical, IR and NMR data are informative of the structure of 1, but no total assignments were achieved nor was the crystalline structure determined.
Scheme 1 Synthesis of 1-ferrocenylethyl containing β-diketones 1-3
Complexes 1-3 are air and moisture insensitive, thermally stable and exhibit good solubility in non polar organic solvents such as hexane, diethyl ether, or dichloromethane.
Their composition and identity were deduced from elemental analysis, mass spectrometry, FT-IR spectra, and mono-and two-dimensional NMR experiments (see Section 2).
Additionally, the crystal and molecular structures of the three compounds were solved by Xray diffraction analysis.
The elemental analyses were consistent with the proposed formulae and the mass spectra of 2 and 3 showed a peak at m/z = 404 and 482, respectively, that agree with the values expected for the radical cations [M] .+ .
The solid FT-IR spectra of compounds 1-3 exhibit similar features indicating analogous molecular structures. One of the weak C-H stretching absorption bands in the 3100-3090 cm -1 range can be observed in the three compounds. On the other hand, the intense absorption bands observed in the 1720-1650 cm -1 range are due to the (C=O) stretching mode of the carbonyl groups.
Compounds 2 and 3 are formed in 63:37 and 88:12 diasteroisomeric ratios, respectively.
No attempts to separate the diastereomers were carried out. However, a complete assignment of the resonances for both diastereomers has been achieved for 2 whereas only the signals of the major diastereomer can be totally attributed for 3. respectively. In addition, the diastereotopic acetyl groups of compound 1 appeared as two sharp singlets at 1.86 and 2.11 ppm whereas in the spectrum of 2, the acetyl and anisyl protons of the major and minor diastereomers are observed as two sets of signals at 1.94/2.15 and 3.85/3.81, 6.90/6.82, 7.89/7 .75 ppm, respectively. Lastly, the spectrum of the bimetallic derivative 3 displayed also a sharp singlet at 2.20 ppm assigned to the acetyl protons, and a second group of five signals with integration ratio 5:1:1:1:1 due to the ferrocenoyl fragment attached to a chiral carbon center. The free C 5 H 5 ring resonates as a sharp singlet at 3.97 ppm whereas the four downfield shifted multiplets, in the range 4.41-4.67 ppm, are attributed to the two pairs of diastereotopic protons of the substituted ring. Interestingly, the 1 H NMR data showed that compounds 1-3 exist exclusively as their diketonic tautomeric form in solution.
This behavior is in accordance with that reported for similar ferrocenylmethyl diketones for which the keto tautomer predominates in solution [9a] .
Consistent with the proposed structures and clearly demonstrating their unsymmetrical nature, the decoupled 13 C{ 1 H} NMR spectra of complexes 1-3 exhibited for their common respectively, as a consequence of the ring current effect. As expected from the above mentioned proton NMR data of 3, the ferrocenyl part of the ferrocenoyl group gave rise to six resonances attributed to the free C 5 -ring and to the five magnetically inequivalent carbon nuclei of the substituted cyclopentadienyl ring.
X-ray Crystallographic Studies
Perspective views of compounds 1-3 with the atom labeling scheme are shown in Fig.   1 , with selected bond distances and angles listed in Table 2 . The molecular structures show that each compound consists of one 1-ferrocenylethyl group linked to the central carbon of a 1,3-diketone system. Complexes 1 and 3 cristallize in the monoclinic centrosymmetric space group P2 1/a , whereas the -diketone 2 crystallizes in the monoclinic centrosymmetric space group P2 1/n , with in each case a single molecule in the asymmetric unit. Crystal cell of compound 1 contains both enantiomers with (R) and (S) configuration for the chiral C (11) carbon. In the crystal cells of compounds 2 and 3, the chiral carbon atoms C(11) and C (13) are found with the (S,S) and (S,R) configuration, respectively. Both diastereomeric forms are related by a symmetry plane with inversion of the configuration at each carbon. Fig. 1 Molecular structures of 1 (top), 2 (middle), and 3 (bottom) with the atom numbering schemes. Hydrogen atoms have been omitted for clarity. Thermal ellipsoids are drawn at 40% probability. Table 2 Selected bond distances (Å) and angles (°) for compounds 1-3 1 2 3 Bond distances C(10)-C (11) 1.504(2) 1.508 (10) 1.506(3) C(11)-C (12) 1.531(2) 1.524 (12) 1.528(3) C(11)-C (13) 1.547(2) 1.547 (10) 1.546(3) C(13)-C (14) 1.529(2) 1.549 (12) 1.537(3) C(13)-C (16) 1.540(2) 1.534 (11) 1.539(3) C (14) (13) 110.63 (13) 108.6(6) 110.57(19) C(11)-C(13)-C (14) 112.43 (13) 112.0 (7) 110.92(19) C(11)-C(13)-C (16) 110.15 (13) 111.4(6) 113.34(19) C(14)-C(13)-C (16) 106.99 (13) 105.6 (7) 107.39 ( Table 2 ) are typical of C=O double bonds [24], as found for another structurally characteerized non-enolized 1,3-diketone [25] . Moreover, the C-C bond distances (> 1.52 Å) and angles (~ 110°) around the central C(13) carbon are those expected for a sp 3 -hybridized carbon atom (Table 2) .
On the other hand, within complex 3 the fragment C (17) Within the crystal structures of 1-3 there are a number of short intermolecular contacts. For instance, cyclopentadienyl-H··· interactions are observed for each compound (Table 3) , whereas intermolecular C-H···O hydrogen bonds (Table 4 ) generate a dimeric unit in compound 2 creating a plane of symmetry between the molecules, and a chain structure in complex 3 (Fig. 2) . 
Cyclic voltammetry
The electrochemical features of compounds 1-3 were investigated by cyclic voltammetry in dichloromethane solution containing 0.1 M n-Bu 4 NPF 6 as supporting electrolyte. All measurements were carried out in 10 -3 M solutions at room temperature in the potential range +1.5 to -1.0 V with scan rate 100 mV s -1 . Cyclic voltammograms (CV) of solutions containing 1-3 show a chemically reversible oxidation process with current ratio i pa /i pc equal to unity, at E 1/2 values identical, within the experimental errors, to that of the FcH/FcH + couple (E 1/2 = 0.510 V) taken as internal reference. The anodic to cathodic peak-topeak separations are similar to that observed for ferrocene under identical conditions, indicating that it is likely a one-electron oxidation of the 1-ferrocenylethyl entity to the respective ferrocenium species 1 + , 2+ and 3 + at the electrode. In addition, the CV of 3 exhibited a second reversible wave at E 1/2 = 0.803 V attributable to the mono-electronic oxidation of the ferrocenoyl moiety. Such a strong positive shift (0.293 V) with respect to free ferrocene, is presumably due to the electron withdrawing effect of the cationic acylketone substituent. This value compares well with the 0.250 V vs FcH/FcH + value found for acetylferrocene [27] , for which the acetyl substituent is expected to be less electron withdrawing than the cationic diketonic group in 3.
Conclusion
In summary, we have described the successful preparation, using CAN-mediated C-C bond forming reaction, of three chiral ferrocene-containing β-diketones starting from 1-ferrocenylethanol. The microcristalline compounds were isolated in raisonably good yields and were fully characterized by analytical and spectroscopic methods, including their total assignment using the 2D NMR technology, and by single crystal X-ray diffraction analysis.
Additionally, both solution and solid state measurements have shown that the three complexes exist solely as their diketo tautomers. The potential applications of these chiral ferrocenecontaining 1,3-diketones as building blocks for the synthesis of new chiral Schiff bases and their corresponding transition metal complexes, as well as chiral diazepines are underway and will be described in future publications.
